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Description 
Charge Pump 

Background of Invention 
[0001] 1. Technical Field 

[0002] The present invention relates to charge pumps, and more 
specifically, to a charge pump that has its sinking and 
sourcing currents proportional to the phase difference be- 
tween its two inputs. 

[0003] 2. Related Art 

[0004] In general, a conventional charge pump has two inputs 

and one output. The conventional charge pump is config- 
ured such that when its two inputs are out of phase, there 
is either a sinking current (flowing into the charge pump) 
or a sourcing current (flowing out of the charge pump) 
through its output. However, these sinking and sourcing 
currents in the conventional charge pump do not depend 
on whether the phase difference between its two inputs is 
large or small. Assume that the conventional charge pump 
is electrically coupled to a VCO (Voltage-Controlled Oscil- 



lator). It may occur that even when the phase difference 
between the two inputs of the conventional charge pump 
is small, the VCO is driven hard causing more jitters in the 
system. 

[0005] It is therefore advantageous to implement a charge pump 
that overcomes the above described problems. 
Summary of Invention 

[0006] The present invention provides a structure comprising (a) 
charge pump receiving a first charge pump input signal 
and a second charge pump input signal, the charge pump 
including a sourcing current path which includes a sourc- 
ing current control gate; and (b) a charge pump current 
controller receiving as inputs the first and second charge 
pump input signals, wherein the charge pump current 
controller is configured to generate a sourcing current 
control signal to the sourcing current control gate in re- 
sponse to the first and second charge pump input signals 
being at opposite levels, and wherein the sourcing current 
control gate is configured to change its current in re- 
sponse to the sourcing current control signal being gen- 
erated. 

[0007] The present invention also provides a method for operat- 
ing a structure. The method comprises the steps of (a) 



providing in tlie structure a cliarge pump receiving a first 
charge pump input signal and a second charge pump in- 
put signal, the charge pump including a sourcing current 
path which includes a sourcing current control gate; (b) 
providing in the structure a charge pump current con- 
troller receiving as inputs the first and second charge 
pump input signals; (c) generating, with the charge pump 
current controller, a sourcing current control signal to the 
sourcing current control gate in response to the first and 
second charge pump input signals being at opposite lev- 
els; and (d) adjusting the current flowing through the 
sourcing current control gate in response to the sourcing 
current control signal being generated. 

[0008] jhe present invention also provides a method for operat- 
ing a charge pump receiving as inputs a first charge pump 
input signal and a second charge pump input signal, the 
method comprising the steps of (i) providing a sourcing 
current control gate on a sourcing current path of the 
charge pump; and (ii) adjusting the current flowing 
through the sourcing current control gate in response to 
the first and second charge pump input signals being at 
opposite levels. 

[0009] The present invention provides structures for a charge 



pump that has sourcing and sinking current proportional 
to the phase difference (phase error) between its two in- 
puts. 

[0010] The present invention also provides methods for operat- 
ing the charge pump. 
Brief Description of Drawings 

[0011] FIG. 1 illustrates a structure comprising a charge pump 
and a charge pump current controller, in accordance with 
embodiments of the present invention. 

[0012] FIG. 2 illustrates the charge pump current controller of 

FIG. 1, in accordance with embodiments of the present in- 
vention. The charge pump current controller comprises a 
control signals generator, a capacitor, and other compo- 
nents. 

[0013] FIG. 3 illustrates the control signals generator of FIG. 2, in 
accordance with embodiments of the present invention. 

[0014] FIG. 4 illustrates a plot of voltage level across the capaci- 
tor of FIG. 2 vs. the phase difference between the two in- 
puts of the charge pump of FIG. 1. 

[0015] FIG. 5 illustrates a plot of the sourcing/sinking current 
flowing in or out of the charge pump in FIG. 1 vs. the 
phase difference between the two inputs of the charge 
pump of FIG. 1. 



Detailed Description 

[0016] FIG. 1 illustrates a structure 100 comprising a charge 

pump current controller 110 and a charge pump 120, in 
accordance with embodiments of the present invention. 
Illustratively, the charge pump 120 comprises an opera- 
tional amplifier (op-amp) 130, P- channel transistors 
Mil, M12, and M13, and N-channel transistors M14, 
M15, and M16. 

[0017] The transistors Mil, M12, M15, and M16 are electrically 
coupled together in series between VCC and ground. The 
transistors Mil, M13, M14, and M16 are electrically cou- 
pled together in series between VCC and ground. In effect, 
the pair transistors M12 and M15 and the pair transistor 
M13 and M14 are electrically coupled together in parallel 
and in series with the transistors Mil and M16 between 
VCC and ground. 

[0018] The transistors M12 and M15 have a common node A. 
Similarly, the transistors M13 and M14 have a common 
node B. The op-amp 130, in negative feed back configu- 
ration, is electrically coupled between node A and node B. 
As a result, the voltage levels at nodes A and B are always 
the same, and there is no current flowing between node A 
and node B via the op-amp 130. 



[0019] jhe gate terminal of the transistor Mil receives a signal 
PI from the charge pump current controller 110. Similarly, 
the gate terminal of the transistor M16 receives a signal Nl 
from the charge pump current controller 110. 

[0020] Jhe charge pump 120 receives as inputs two input signals 
INC and DEC. The signal INC# is the negation (inversion) 
of the signal INC, and the signal DEC# is the negation of 
the signal DEC. More specifically, the gate terminals of the 
transistors M12, M13, M14, and M15 receive the signals 
INC, INC#, DEC, and DEC#, respectively. 

[0021] Node B is electrically coupled to a node 10, which is used 
as the output node of the charge pump 120. The charge 
pump current controller 110 also receives as inputs the 
two signals INC and DEC. 

[0022] As an example of the operation of the structure 100, as- 
sume that initially both INC and DEC are at ground (low). 
With INC being low, transistor M12 is ON (low resistance) 
and transistor M13 is OFF (high resistance). Similarly, with 
DEC being low, transistor M14 is OFF and transistor M15 
is ON. As a result of both transistors M13 and M14 being 
OFF, there is no sinking or sourcing current flowing in or 
out of the charge pump 120 via node 10. 

[0023] Assume now that INC changes from low to high and DEC 



stays low. With INC being high, transistor M12 is OFF and 
transistor M13 is ON. With DEC staying low, transistor 
M14 is OFF and transistor M15 is ON. As a result, there is 
a sourcing current flowing from VCC through the transis- 
tors Mil and M13 out of the charge pump 120 via node 
10. In effect, the transistors Mil and M13 form a sourcing 
current path in the charge pump 120. It is assumed that a 
circuit (not shown) is coupled to node 10 of the charge 
pump 120. For instance, a low-pass filter (not shown) can 
be coupled to node 10. 
[0024] In one embodiment, the longer INC stays high and DEC 
stays low (i.e., the larger the phase difference between 
INC and DEC becomes), the more strongly the transistor 
Mil is turned on by the charge pump current controller 
110 via the control signal PI. As a result, the sourcing cur- 
rent is proportional to the phase difference between INC 
and DEC, which are the two inputs of the charge pump 
120. This effect is illustrated in FIG. 5. FIG. 5 illustrates a 
plot of the sourcing/sinking current (flowing in or out of 
the charge pump 120 via node 10 in FIG. 1) measured in 
micro-Ampere vs. the phase difference between INC and 
DEC measured in Pico-seconds as a result of a simulation 
of the charge pump 120 of FIG. 1. As can be seen, the 



more the phase difference between INC and DEC, the 
stronger the sourcing or sinking current becomes. Espe- 
cially, when the phase difference is in the range from 300 
ps to 500 ps, the sourcing or sinking current is almost di- 
rectly proportional to the phase difference between INC 
and DEC. 

[0025] Assume now that DEC also changes from low to high while 
INC stays high. As a result, both transistors M13 and M14 
are ON, and both transistors M12 and M15 are OFF. With 
both transistors M13 and M14 being ON, even if there is 
some current flowing through the transistors Mil and 
M16, those currents will flow through transistors M13 and 
M14 as opposed to flowing in or out of the charge pump 
120 via node 10. As a result, there is no sinking or sourc- 
ing current flowing in or out of the charge pump 120 via 
node 10. 

[0026] Assume now that both INC and DEC change from high to 
low at the same time. As a result, the transistors M13 and 
M14 are OFF. Therefore, there is no sinking or sourcing 
current flowing in or out of the charge pump 120 via node 
10. 

[0027] In one embodiment, for the case in which DEC changes 
from low to high before INC does, and later both INC and 



DEC fall to low at the same time, the structure 100 oper- 
ates in a similar manner, except that there is a sinking 
current flowing from node 10 to ground via the transistors 
IVI14 and IVI16. IVIore specifically, when both INC and DEC 
are low, there is no sinking or sourcing current flowing in 
or out of the charge pump 120 via node 10 as described 
above. 

[0028] When DEC changes from low to high while INC stays low, 
transistor M13 is OFF, and transistor M14 is ON. As a re- 
sult, there is a sinking current flowing from node 10 to 
ground via the transistors M14 and M16. In effect, the 
transistors M14 and M16 form a sinking current path in 
the charge pump 120. In one embodiment, the longer DEC 
stays high while INC stays low (i.e., the larger the phase 
difference between INC and DEC becomes), the more 
strongly the transistor M16 is turned on by the charge 
pump current controller 110 via the control signal Nl. As a 
result, the sinking current is proportional to the phase 
difference between INC and DEC (as illustrated in FIG. 5). 

[0029] When both INC and DEC later fall to low at the same time, 
the charge pump 120 goes back to its initial state. As a 
result, there is no sinking or sourcing current flowing in 
or out of the charge pump 120 via node 10. 



[0030] FIG. 2 illustrates the charge pump current controller 110 
of FIG. 1, in accordance with embodiments of the present 
invention. Illustratively, the charge pump current con- 
troller 110 comprises a NOR gate 210, an AND gate 220, a 
control signals generator 230, P-channel transistor M21, 
N-channel transistor M22, a current source I, and a ca- 
pacitor C. 

[0031] The NOR gate 210 receives as inputs the signals INC and 
DEC, and generates an output signal to the gate terminal 
of the transistor M21. The AND gate 220 receives as in- 
puts the signals INC and DEC, and generates an output 
signal to the gate terminal of the transistor M22. 

[0032] The transistors M21 and M22, and the current source I are 
electrically coupled together in series between VCC and 
ground. The transistors M21 and M22 have a common 
node CI. In one embodiment, there is no current flowing 
in or out of the control signals generator 230 via node CI. 

[0033] The capacitor C is electrically coupled in parallel with the 
transistor M22. The control signals generator 230 receives 
as input a signal on node CI and generates the control 
signals PI and Nl to the transistors Mil and M16 (FIG. 1), 
respectively. 

[0034] In the example above, initially when both INC and DEC are 



low, the outputs of the NOR gate 210 and the AND gate 
220 are high and low, respectively. As a result, both the 
transistors M21 and M22 are OFF. Assume that the capac- 
itor C is fully discharged at this time. 
[0035] When INC changes from low to high and DEC stays low, 
the output of the NOR gate 210 is low, and the output of 
the AND gate 220 is low. As a result, the transistor M21 is 
ON, and the transistor M22 is OFF. Therefore, the capaci- 
tor C is charged up by the current source I, and the volt- 
age level on node CI rises. In response, in one embodi- 
ment, the control signals generator 230 pulls PI down and 
pulls Nl up. 

[0036] In one embodiment, the longer INC stays high and DEC 
stays low (i.e., the larger the phase difference between 
INC and DEC becomes), the more the capacitor C is 
charged up, the higher the voltage V^^ across the capaci- 
tor C (as illustrated in FIG. 4), and the more the control 
signals generator 230 pulls PI down and pulls Nl up. The 
more PI is pulled down, the more strongly the transistor 
Mil (FIG. 1) is turned on, and the stronger the sourcing 
current (described above) becomes. As a result, the sourc- 
ing current is proportional to the phase difference be- 
tween INC and DEC, as described above with reference to 



FIG. 1. The effect of the phase difference between INC and 
DEC on voltage V^^ is illustrated in FIG. 4. FIG. 4 illustrates 
a plot of (the voltage level at node CI in FIG. 2) mea- 
sured in milivolts vs. the phase difference between INC 
and DEC measured in pico-seconds as a result of a simu- 
lation of the charge pump 120 of FIG. 1. As can be seen, 
the more the phase difference between INC and DEC, the 
more V rises. 

CI 

[0037] When DEC also changes from low to high while INC stays 
high, the outputs of the NOR gate 210 and the AND gate 
220 are low and high, respectively. As a result, both the 
transistors M21 and M22 are ON. As a result, the capaci- 
tor C discharges through transistor M22, and therefore 
the voltage level at node CI drops significantly. In re- 
sponse, in one embodiment, the control signals generator 
230 pulls PI up and pulls Nl down so as to decrease the 
currents flowing through transistors Mil and M16 (FIG. 
1). With both transistors M13 and M14 being ON 
(described above with reference to FIG. 1), even if there is 
some currents flowing through the transistors Mil and 
M16, those currents will flow through transistors M13 and 
M14 (FIG. 1) as opposed to flowing in or out the charge 
pump 120 via node 10. As a result, there is no sinking or 



sourcing current flowing in or out of tlie charge pump 120 
via node 10, as described above with reference to FIG. 1. 

[0038] When both INC and DEC change from high to low at the 
same time, the outputs of the NOR gate 210 and the AND 
gate 220 are high and low, respectively. As a result, both 
the transistors M21 and M22 are OFF, and the capacitor C 
stays discharged. 

[0039] In one embodiment, for the case in which DEC changes 

from low to high before INC does, the control signals gen- 
erator 230 operates in a similar manner. More specifically, 
when DEC changes from low to high and INC stays low, 
the capacitor C is charged up. In response, the control 
signals generator 230 pulls PI down and pulls Nl up. 

[0040] In one embodiment, the longer DEC stays high and INC 
stays low (i.e., the larger the phase difference between 
INC and DEC becomes), the more the capacitor C is 
charged up, the higher V^^ rises (as illustrated in FIG. 4), 
and the more the control signals generator 230 pulls PI 
down and pulls Nl up. The more Nl is pulled up, the more 
strongly the transistor M16 (FIG. 1) is turned on, and the 
stronger the sinking current (described above) becomes. 
As a result, the sinking current is proportional to the 
phase difference between INC and DEC, as described 



above with reference to FIG. 1. 

[0041] In one embodiment, wlien INC also changes from low to 
high while DEC stays high, the capacitor C is discharged, 
and the voltage level at node CI falls. With both transistors 
M13 and M14 being ON (described above with reference 
to FIG. 1), even if there is some current flowing through 
the transistors Mil and M16, those currents will flow 
through transistors M13 and M14 (FIG. 1) as opposed to 
flowing in or out the charge pump 120 via node 10. As a 
result, there is no sinking or sourcing current flowing in 
or out of the charge pump 120 via node 10, as described 
above with reference to FIG. 1. 

[0042] When both INC and DEC changes from high to low at the 
same time, the outputs of the NOR gate 210 and the AND 
gate 220 are high and low, respectively. As a result, both 
the transistors M21 and M22 are OFF, and the capacitor C 
stays discharged. 

[0043] FIG. 3 illustrates the control signals generator 230 of FIG. 
2, in accordance with embodiments of the present inven- 
tion. Illustratively, the control signals generator 230 com- 
prises P-channel transistors M31, M32, and M33, and N- 
channel transistors M34, M35, M36, and M37. 

[0044] The transistors M31 and M36 are electrically coupled to- 



gether in series between VCC and ground. Tlie transistors 

I\/I34, and M37 are electrically coupled together in 
series between VCC and ground. The transistors M33, 
M35, and M37 are electrically coupled together in series 
between VCC and ground. In effect, the pair transistors 
M32 and M34 and the pair transistors M33 and M35 are 
electrically coupled together in parallel and in series with 
the transistor M37 between VCC and ground. 

[0045] The transistors M32 and M34 have a common node nPI 

which bears the signal PI. Node nPI and the gate terminals 
of the transistors M31 and M32 are electrically coupled 
together. The transistors M31 and M36 have a common 
node nNI which bears the signal Nl. The gate terminal of 
the transistor IVI36 is electrically coupled to node nNI. The 
gate terminal of the transistor M33 is electrically coupled 
to the common node of the transistors M33 and M35. The 
gate terminal of the transistor M34 receives the voltage 
level of node CI of FIG. 2. The gate terminal of the transis- 
tor M35 receives a constant reference voltage level Vref. 
The gate terminal of the transistor M37 receives a con- 
stant bias voltage level Vbias. 

[0046] In effect, the transistors M32, M33, M34, M35, and M37 
form a comparator receiving two input signals: the voltage 



level at node CI and Vref. The comparator generates one 
output signal PI. The transistors M31 and M36 form a cur- 
rent mirror circuit IVI31,IVI36 that holds a current mirroring 
the current flowing through transistor M32. In other 
words, if the current flowing through transistor M32 in- 
creases or decreases, the current flowing through current 
mirror circuit M31,M36 also increases or decreases, re- 
spectively. Therefore, PI and Nl always go opposite direc- 
tions. More specifically, when the voltage level at node CI 
increases, the current flowing through transistor M32 in- 
creases. As a result, PI is pulled down. With the current 
flowing through transistor M32 increasing, the current 
flowing through the current mirror circuit I\/I31,IVI36 also 
increases. As a result, Nl is pulled up. Similarly, when the 
voltage level at node CI decreases, PI is pulled up and Nl is 
pulled down. 

[0047] In the example above, with reference to FIGS. 1-3, initially 
both INC and DEC are low, and the capacitor C is fully dis- 
charged. When INC changes from low to high and DEC 
stays low, the capacitor C (FIG. 2) is charged up. As a re- 
sult, the voltage level at node CI rises and, therefore, PI is 
pulled down and Nl is pulled up. 

[0048] The longer INC stays high and DEC stays low (i.e., the 



larger the phase difference between INC and DEC be- 
comes), the more the capacitor C (FIG. 2) is charged up, 
the higher rises (as illustrated in FIG. 4), therefore, the 
more the transistor M34 (FIG. 3) is turned on, and in re- 
sponse, the more the PI is pulled down. 
[0049] The more PI is pulled down, the more strongly the transis- 
tor Mil (FIG. 1) is turned on, and the stronger the sourc- 
ing current (described above) becomes. As a result, the 
sourcing current is proportional to the phase difference 
between INC and DEC, as described above with reference 
to FIG. 1. 

[0050] When DEC also changes from low to high while INC stays 
high, the voltage level at node CI is pulled low. As a result, 
PI is pulled up and Nl is pulled down. However, with both 
transistors M13 and M14 being ON (described above with 
reference to FIG. 1), even if there is some current flowing 
through the transistors Mil and M16, those currents will 
flow through transistors M13 and M14 (FIG. 1) as opposed 
to flowing in or out the charge pump 120 via node 10. As 
a result, there is no sinking or sourcing current flowing in 
or out of the charge pump 120 via node 10, as described 
above with reference to FIG. 1. 

[0051] When both INC and DEC change from high to low at the 



same time, both the transistors M13 and M14 (FIG. 1) are 
OFF. There is no sinl<ing or sourcing current flowing in or 
out of the charge pump 120 via node 10, regardless the 
operation of the charge pump current controller 110, as 
described above with reference to FIG. 1. 
[0052] For the case in which DEC rises to high before INC does, 
the control signals generator 230 operates in a similar 
manner. More specifically, initially both INC and DEC are 
low, and the capacitor C is fully discharged. When DEC 
changes from low to high and INC stays low, the capacitor 
C (FIG. 2) is charged up. As a result, the voltage level at 
node CI rises and, therefore, PI is pulled down and Nl is 
pulled up. 

[0053] jhe longer DEC stays high and INC stays low (i.e., the 
larger the phase difference between INC and DEC be- 
comes), the more the capacitor C (FIG. 2) is charged up, 
the higher V^^ rises (as illustrated in FIG. 4), therefore, the 
more the transistor M34 (FIG. 3) is turned on, and in re- 
sponse, the more the PI is pulled down, and the more Nl is 
pulled up. 

[0054] The more Nl is pulled up, the more strongly the transistor 
M16 (FIG. 1) is turned on, and the stronger the sinking 
current (described above) becomes. As a result, the sink- 



ing current is proportional to tlie pliase difference be- 
tween INC and DEC, as described above with reference to 
FIG. 1. 

[0055] When INC also changes from low to high while DEC stays 
high, the voltage level at node CI is pulled low. As a result, 
PI is pulled up and Nl is pulled down. However, with both 
transistors M13 and M14 being ON (described above with 
reference to FIG. 1), even if there is some current flowing 
through the transistors Mil and M16, those currents will 
flow through transistors M13 and M14 (FIG. 1) as opposed 
to flowing in or out the charge pump 120 via node 10. As 
a result, there is no sinking or sourcing current flowing in 
or out of the charge pump 120 via node 10, as described 
above with reference to FIG. 1. 

[0056] When both INC and DEC change from high to low at the 
same time, both the transistors M13 and M14 (FIG. 1) are 
OFF. There is no sinking or sourcing current flowing in or 
out of the charge pump 120 via node 10, regardless the 
operation of the charge pump current controller 110, as 
described above with reference to FIG. 1. 

[0057] In one embodiment, a sourcing current path circuit (not 

shown) is electrically coupled in parallel with the transistor 
Mil (FIG. 1). The sourcing current path circuit can be 



controlled externally by external control signals; there- 
fore, the current flowing through the sourcing current 
path circuit does not depend on the phase difference be- 
tween INC and DEC. The sourcing current path circuit pro- 
vides a sourcing bias current for the sourcing current de- 
scribed above. The sourcing bias current can have differ- 
ent values depending on the external control signals. 

[0058] Similarly, a sinking current path circuit (not shown) can be 
electrically coupled in parallel with the transistor M16 
(FIG. 1). The sinking current path circuit can be controlled 
externally by the external control signals; therefore, the 
current flowing through the sinking current path circuit 
does not depend on the phase difference between INC and 
DEC. The sinking current path circuit provides a sinking 
bias current for the sinking current described above. The 
sinking bias current can have different values depending 
on the external control signals. 

[0059] In the embodiments described above, the purpose of the 
NOR gate 210, the AND gate 220, the transistors M21 and 
M22, the current source I, and the capacitor C (FIG. 2) is 
to pull the voltage level at node CI from low to high when- 
ever INC and DEC are not at the same level (i.e., when INC 
is low and DEC is high, or when INC is high and DEC is 



low). The voltage level at node CI is supposed to reflect 
the time period during which INC and DEC are not at the 
same level. More specifically, the longer INC and DEC are 
at the opposite levels (i.e., low and high), the higher the 
voltage level at node CI (i.e., V^^) rises (as illustrated in 
FIG. 4). In general, any circuit that can translate the time 
INC and DEC are not at the same level into voltage level 
can be used in place of the NOR gate 210, the AND gate 
220, the transistors M21 and M22, the current source I, 
and the capacitor C. 

[0060] In the embodiments described above, the purpose of the 
control signals generator 230 FIG. 2) is to pull PI down 
and pull Nl up whenever the voltage level at node CI rises. 
When the voltage level at node CI falls from high to low, 
the control signals generator 230 pulls PI up to high and 
pull Nl down to low. FIG. 3 shows only one embodiment of 
the control signals generator 230 of FIG. 2. 

[0061] In the embodiments described above, N-channel and P- 
channel transistors are used. In general, any logic gates 
can be used to perform the same tasks. 

[0062] While particular embodiments of the present invention 
have been described herein for purposes of illustration, 
many modifications and changes will become apparent to 



those skilled in the art. Accordingly, the appended claims 
are intended to encompass all such modifications and 
changes as fall within the true spirit and scope of this in- 
vention. 



